We have used a Single-Particle Soot Photometer (SP2) to measure time-resolved laserinduced incandescence (LII) and laser scatter from combustion-generated mature soot with a fractal dimension of 1.88 extracted from a burner. We have also made measurements on restructured mature-soot particles with a fractal dimension of 2.3-2.4. We reproduced the LII and laser-scatter temporal profiles with an energy-and mass-balance model, which accounted for heating of particles passed through a CW-laser beam over laser-particle interaction times of $ 10 μs. The results demonstrate a strong influence of aggregate size and morphology on LII and scattering signals. Conductive cooling competes with absorptive heating on these time scales; the effects are reduced with increasing aggregate size and fractal dimension. These effects can lead to a significant delay in the onset of the LII signal and may explain an apparent low bias in the SP2 measurements for small particle sizes, particularly for fresh, mature soot. The results also reveal significant perturbations to the measured scattering signal from LII interference and suggest rapid expansion of the aggregates during sublimation.
rate by the principal of detailed balance, also known as Kirchhoff's Law in the case of light absorption and emission, and aggregate effects on the absorption cross section will also influence the radiative-emission rate and, hence, the LII signal.
The effect of particle morphology on scattering cross sections is less obvious. Some theories predict that the scattering cross section should decrease with increasing fractal dimension because either (1) the aggregate size is reduced or (2) multiply scattered waves at the aggregate core destructively interfere (Colbeck, Appleby, Hardman, & Harrison, 1990; Liou et al., 2011; Sorensen, 2001; Witze, Gershenzon, & Michelsen, 2005) . Other studies predict that the increased scattering interactions between primary particles should lead to an increase in the scattering cross section with increasing fractal dimension (Frey, Pinvidic, Botet, & Jullien, 1988; Liu et al., 2008) .
With respect to aggregate size, the RDG total scattering cross section increases with the square of the number of primary particles, and the RDG differential cross section has an additional factor that decreases with increasing radius of gyration. Studies employing more accurate scattering calculations indicate that increases in aggregate size cause further decreases in the scattering cross section (beyond the RDG prediction) because of multiple scattering or absorption effects (Mulholland, Bohren, & Fuller, 1994; Sorensen, 2001; Yon et al., 2014) .
The Single-Particle Soot Photometer (SP2) provides a means to study the effects of aggregation on LII and scattering in detail. In the SP2 one particle at a time is injected into the optical resonator of a CW laser. As the particle drifts through the laser beam, it heats up and emits LII, which is detected as a function of time as the particle traverses the beam. The elasticlaser scatter from the particle is simultaneously detected on a separate channel (Schwarz et al., 2010; Stephens, Turner, & Sandberg, 2003) . Because this process happens over time scales of $ 10 ms, conductive-cooling rates compete effectively with absorptive-heating rates. Any modification to either the conductive-cooling rate or absorptive-heating rate affects the net heating and cooling rate of the particle and hence the LII temporal profile. Understanding these changes in the LII temporal profile can offer great insight into the competition between these heating and cooling mechanisms. In addition, because the instrument detects single particles, these mechanisms can be more easily studied as a function of aggregate size because particles of different sizes can be more readily characterized. Characterization of aggregate size also facilitates studies of the effects of aggregation on elastic scattering.
We have used the SP2 to study the effects of aggregate size and morphology on conductive-cooling rates and scattering cross sections of mature-soot particles. We generated particles in a co-flow diffusion flame, size selected them, and characterized their mobility-size and mass distributions. We also changed the morphology of the particles by coating them with oleic acid and then thermally denuding them, causing them to become restructured (i.e., collapsed). We used the SP2 to measure LII and elastic scattering temporal profiles from these particles and compared the results with an energy-and massbalance model that has been validated under a wide range of conditions (López-Yglesias et al., 2014; Michelsen, in preparation) . Our results demonstrate a reduction in effective-surface area with restructuring and with increasing aggregate size. Fig. 1 . Illustration of the experimental set-up. Soot was generated in an atmospheric co-flow diffusion ethylene-air flame. Combustion was quenched with a cross flow of nitrogen. Part of the flow was extracted and sent through an SMPS for size selection. The size-selected soot could be sent through a condenser and coated with oleic acid. The coated soot was sent through a thermodenuder to remove the coating, yielding a restructured particle. Either the original or restructured soot was sent into an SP2, where temporal profiles of LII and elastic scattering signal were measured. The particles were characterized by SMPS measurements of mobility size, CPMA measurements of mass, and TEM imaging of morphology.
Experimental approach
A schematic diagram of the experimental apparatus is shown in Fig. 1 . Soot generation, coating application, and thermal denuding have been described in detail elsewhere (Bambha et al., 2013a (Bambha et al., , 2013b . We generated soot in an atmospheric ethylene-air flame from a laminar co-flow diffusion burner (Bambha et al., 2013a (Bambha et al., , 2013b Michelsen, Tivanski et al., 2007; Michelsen, Witze, Kayes, & Hochgreb, 2003) . Mass flow controllers (MKS Types 1479A and 1559A) were used to set the ethylene flow rate at 0.220 standard liters per minute (relative to 0 1C and 760 Torr) (slm) and the air co-flow at 14 slm. A 1cm-diameter brass mesh chimney was used to stabilize the flame. The flame and air co-flow were completely enclosed in a modular flow tube. The flame was cut at $ 65-mm height above the burner by a horizontal nitrogen cross flow of 50 slm, which quenched the combustion and carried the soot downstream. A Venturi pump (Vaccon JS-40UM) extracted the soot from the center of the cross-flow tube, where it was diluted by $ 4:1. A scanning mobility particle sizer (SMPS) was used to select soot in a narrow size range about a mobility diameter of 126 nm for use in the subsequent coating, denuding, and measurement sections. The SMPS includes a neutralizer (TSI 3077A), which imparts a bipolar charge distribution to the particles using a Krypton-85 source. A majority of the particles have a single charge, but some particles are multiply charged. The particles are then sent through the differential mobility analyzer (DMA) (TSI 3081), which selects particles with a particular mobility-size-to-charge ratio. The mobility size selected for particles with more than one charge will be higher than that for the singly charged particles. The resulting size distribution will have several narrow mobility-size modes associated with singly, doubly, and triply charged particles. Because the multiple charging is only relevant to the size selection part of the experiment, and the particles are not expected to maintain this charge distribution, we refer to the singly charged particles as "Mode 1", the doubly charged particles as "Mode 2", and the triply charged particles as "Mode 3".
The coating condenser consisted of a straight section that allowed the particles to flow through continuously to mitigate the effects of a broad distribution of residence times. The condenser was wrapped in heating tape, insulated, and temperature controlled. The coating material used in the experiments was oleic acid ( Z99%, Sigma Aldrich), and particles were coated with a condenser temperature of 95 1C, which yielded particles with a coating mass fraction of 0.92 (Bambha et al., 2013b) . A room-temperature denuder trapped coating vapor leaving the condenser but allowed the coated particles to Fig. 2 . TEM images of soot particles. The particles were size selected with the DMA set to 126 nm. The size scale is indicated in the lower left corner of each image. The images were recorded at a magnification of 250,000. Images are shown for (a) soot extracted from a co-flow diffusion flame and (b) soot extracted from the flame, coated with oleic acid, and thermally denuded. The average fractal dimension for untreated soot was 1.88, and that of restructured soot was 2.3-2.4. pass. Coatings were removed from the particles using a thermodenuder described previously (Bambha et al., 2013a (Bambha et al., , 2013b . The mean fractal dimension of the original particles was 1.88, and the mean fractal dimension of the restructured particles was 2.3-2.4. Transmission electron microscopy (TEM) images of examples of these particles are shown in Fig. 2 .
A second Venturi pump drew soot aerosol into a manifold where it was diluted by an additional factor of 10 in pure nitrogen. A third stage of dilution in pure nitrogen reduced the particle concentration by an additional factor of 30 to approximately 350 particles/cm 3 , a level suitable for single-particle measurement. Mobility-size distributions were recorded using an SMPS (TSI 3080 with TSI 3081 DMA). Particle masses were monitored with a centrifugal particle mass analyzer (CPMA) (Cambustion). Particle morphologies were analyzed using TEM, as described previously (Bambha et al., 2013b) .
LII and elastic scattering temporal profiles were recorded using a Single-Particle Soot Photometer (SP2) (Droplet Measurement Technologies SP2-D). This instrument is equipped with four optical channels: a broadband ($ 300-700 nm) LII channel, a narrowband ($ 630-700 nm) LII channel, a scatter channel, and a split detector for particle location within the beam, which gives signal timing relative to the laser-particle interaction time. For our particles, the narrowband LII channel was not sufficiently sensitive to give reasonable signals, and the split detector gave signal-to-noise ratios barely large enough to be used for averages of the largest aggregates studied. The laser beam is $ 0.2 mm in diameter at the detection region.
Analysis approach
3.1. Calculation of LII temporal profiles 3.1.1. The energy-and mass-balance model Stephens et al. (2003) and Moteki and Kondo (2007) modeled the SP2 experimental configuration, but the results from these studies were qualitative; neither group compared their simulations directly with measured signals. We have developed an LII model that has been validated using pulsed-LII data from a wide range of conditions (López-Yglesias et al., 2014; Michelsen, in preparation) . The present study is the first case in which our model has been used to simulate SP2 measurements. There are a large number of mechanisms and physical parameters in the model; we have attempted to constrain as many of the associated variables as possible to published values (Michelsen, 2003) . We have used the same model with the same mechanisms and physical parameters for both pulsed-LII in a flame (López-Yglesias et al., 2014; Michelsen, in preparation) and CW-LII under ambient conditions with the SP2 (present study). The only difference in the model between these cases is the description of the surface area of the aggregate; the microsecond timescale of the CW-LII approach provides higher sensitivity to conductive cooling and aggregate morphology and size effects than does the nanosecond timescale of the typical pulsed-LII approach. The single-particle sensitivity of the CW-LII approach also enables studies of the effects of aggregate size on the mechanisms that influence the LII signal. These studies facilitate further development and validation of a well-constrained model.
The model solves coupled energy-and mass-balance equations that account for (1) heating by laser absorption, oxidation, and annealing, (2) cooling by radiative emission, sublimation, thermionic emission, and conduction to the surrounding atmosphere, and (3) mass loss by oxidation and sublimation (López-Yglesias et al., 2014; Michelsen, 2003, in preparation; Michelsen et al., 2008; Michelsen, Liu et al., 2007) . The energy-balance equation can be summarized as
where U int is the internal energy of the particle, t is time, _ Q abs is the absorptive-heating rate for a single primary particle, _ Q rad is the radiative-cooling rate, _ Q cond is the conductive-cooling rate, _ Q sub is the evaporative-cooling rate, _ Q ox is the oxidative-heating rate, _ Q ann is the heating rate from annealing, and _ Q therm is the thermionic-cooling rate. Details about these terms are given elsewhere (López-Yglesias et al., 2014; Michelsen, 2003, in preparation; Michelsen et al., 2008; Michelsen, Liu et al., 2007) . The change in U int is reflected in a change in particle temperature, and, for a particle without a volatile coating, Eq. (1) can be expressed as
where c s is the particle specific heat, T is the particle temperature, and M is the primary-particle mass. The mass loss from sublimation and oxidation is solved for according to
Calculation of the primary-particle mass yields the primary-particle diameter d p , i.e.,
as long as the primary-particle density ρ s is known.
The conductive-cooling rate is important for the analysis of LII signals at room temperature and atmospheric pressure, particularly when the heating takes place over microseconds. Calculating laser absorption is also critically important for the analysis of LII signal. Detailed information about the calculation of conductive-cooling and absorptive-heating rates is given in Supplementary Material in Section S1.1.
LII signal calculation
Solving Eqs.
(2) and (3) and making the substitution in Eq. (4) provides a prediction of the primary-particle diameter and temperature as a function of time. The LII signal per primary particle is related to these parameters and can be calculated by integrating the Planck function over all wavelengths and the solid angle subtended by the collection optics, accounting for the spectral response of the signal-detection system, i.e.,
where λ is the emission wavelength, ε λ is the emissivity at the emission wavelength, h is the Planck constant, c is the speed of light, k B is the Boltzmann constant, R λLII is the spectral response of the detector and optical train (A/W), G LII is the net amplifier gain of the detection system (counts/A), and Ω LII accounts for the solid angle subtended by the signal-collection system. The collection optics in the LII channel of the SP2 have an acceptance angle of 34.81 (McMeeking, private communication) , and Ω LII is 0.357π sr ( $ 8.9% of a full sphere).
The gain is estimated assuming
where Δ is 20 V/2 16 counts, G V is the voltage gain (2 for the low-gain channel, 20 for the high-gain channel), G TL is the current to voltage gain on the LII channel (36 Â 10 3 V/A), and G PMT depends on the PMT voltage. G PMT is calibrated to be $ 2.02 Â 10 4 in our instrument. Figure 3a shows the spectral response of the PMT and the transmittance of the optical filter on this channel. Their product, which is also shown in Fig. 3a , is equivalent to R λLII . We performed the integration in Eq. (5) for the wavelength range over which this product is non-zero.
The signal from a soot aggregate was calculated by summing over the signal calculated for individual primary particles. Different primary particles in an aggregate will have different effective surface areas, depending on where they reside in the aggregate. Some primary particles will be shielded from conductive cooling more than others. The summation thus includes particles with a distribution of effective surface areas, i.e.,
where N p is the number of primary particles in an aggregate, A e is the fraction of the primary-particle surface area that is exposed to the air and available for conductive cooling, and X The calculated LII signal was then convolved with the temporal response function of the detector. The values of C i (A e ) were determined by performing a non-linear least-squares fit to the measured LII temporal profiles. We neglected the effects of aggregate size and morphology on the LII signal because the absorption cross section, and hence radiative-emission rates, are predicted to be nearly independent of such effects over the detection wavelength range and aggregate sizes studied (Mackowski, 2006; Yon et al., 2014 Yon et al., , 2015 3.1.3. LII signal on the scatter channel Figure 3b shows the spectral response of the APD (i.e., for the scatter channel), the transmittance of the optical filter for this channel, and their product R λScat . The LII signal overlaps with the wavelength range where this product is non-zero, suggesting that LII signal could be collected on the scatter channel. In order to account for LII interference on the scatter channel, we calculated the LII signal detected on the scatter channel according to
where the primary-particle signal is given by
the gain (counts/A) is estimated as
and G TS is 49.9 Â 10 3 V/A. The acceptance angle on the scatter channel in the near infrared is 32.71 (McMeeking, private communication), and Ω Scat is 0.316π sr ( $ 7.9% of a full sphere). We then integrated the LII signal on the scatter channel over the wavelength range 800-1100 nm, which is functionally equivalent to averaging over all wavelengths because R λScat is non-zero over a restricted wavelength range (Fig. 3b ). To calculate the total signal on the scatter channel, we added this result to the scatter signal calculated for this channel (described in Section 3.2).
Laser temporal profile used as model input and time response of detectors
In order to calculate the absorptive-heating rate as a function of time, we recorded the temporal profile of light scattered from 216-nm polystyrene latex (PSL) spheres to use as input into the model as a proxy for the irradiance of the laser beam as it interacts with the particle. Although the detector on the scatter channel has a response time of 3 ns, the amplifier chain has components that limit the response time to $1.1 ms. We thus deconvolved the PSL-sphere scattering profile from the instrument response function using a convolve-and-compare approach in which the response function was represented by a function that accounted for the finite time response of the detector. Details about this deconvolution are given in Supplementary Material in Section S1.1.3.
The magnitude of the laser irradiance was determined using an equation similar to that given by Schwarz et al. (2010) , i.e.,
in which P L is the laser irradiance (W/cm 2 ) at a location in the laser beam, S PSL is the signal at that location given by scattering from a PSL sphere (e.g., 19,052 counts on the high-gain channel of the APD from a sphere scattering from the center of the laser beam), R λScat (1064) is the detector response for the APD at 1064 nm of 10.5 A/W multiplied by the filter transmittance at 1064 nm of 0.89 (9.345 A/W), σ PSL is the PSL scattering cross section (1.95 Â 10 À 11 cm 2 for 216-nm diameter spheres, derived from the Mie calculations given in Schwarz et al. (2010) ), and ε Ω is the scattering collection efficiency given by the scaled solid angle, i.e., Ω/4π for isotropic scattering (0.079 for our solid angle of 0.994 sr in the near-infrared spectral region). The full width at half maximum (FWHM) of the PSL-sphere temporal-scattering profile produced as the sphere transits the laser beam P L (t) is 6.85 ms. Scaling the profile to the peak irradiance of 4.05 Â 10 5 W/cm 2 and integrating over the PSL-sphere temporalscattering profile yields a value of 3.00 J/cm 2 . The configuration of the SP2 is thus similar to pulsed LII using a laser with a fluence of 3.00 J/cm 2 per pulse and a pulse duration of 6.85 ms under the instrument flow conditions used here.
The detector on the LII channel has a response time of 0.78 ns, but this channel is also limited by electronic components similar to those in the signal chain of the scatter channel. We thus convolved the modeled LII signal with the temporal response function for the broadband channel. Details about this convolution are given in Supplementary Material in Section S1.1.4.
Calculation of scattering temporal profiles

Total signal on the scatter channel
The total signal on the scatter channel was calculated according to
where S aggLIISC represents the LII signal detected on the scatter channel, which is given by Eq. (9). We calculated the scattering signal from an aggregate using Rayleigh-Debye-Gans (RDG) theory (Sorensen, 2001) , i.e.
where the coefficients C i (A e ) are the same as those in Eq. (7), and the scattering signal from a single primary particle is given by (Sorensen, 2001 )
F(m) is the refractive-index function for scattering, given a complex refractive index m, i.e.,
We used a value for F(m) of 0.29, which gave good agreement with the data using a reasonable value for the fractal prefactor of 2.0.
Differential scattering cross section
The angular distribution of light scattered from a particle is not homogeneous and depends on the aggregate size relative to the wavelength of the light being scattered. Because the scattering signal is only collected at selected angles, quantitative predictions of the scattering signal require an understanding of the differential scattering cross section, i.e., the angular scattering distribution. The structure factor S(q) represents the deviation of this distribution from a homogeneous distribution and is given for the Rayleigh and Guinier regimes by
and for the power-law regime by
for a scattering angle θ relative to the laser beam propagation direction (Sorensen, 2001) . In this case the angle of the detection axis θ¼δ has values of 451 and 1351 because the beam propagates in both directions within the cavity. The acceptance half-angle θ Ω of the collection optics is 32.71 for both values of δ.
For scattering angles that are not collinear with the laser (i.e., θa0 or π), the surface integral over the circular projection of the solid angle (dΩ ¼ sin θ dθ dϕ) is complicated. To simplify the integration of Eqs. (17a) and (17b) over the solid angle, we performed a coordinate transformation in spherical coordinates by rotating the axis of θ in the plane of the laser and detector by an angle δ, where δ is the detection angle of 451 or 1351. We then performed the integration of the structure factor in this new coordinate system. For the interested reader, this derivation is presented in Supplementary Material in Sections S1.2.1 and S1.2.2.
For Eq. (17a), i.e., for small particles in the Rayleigh and Guinier regimes, this integral yields
For larger particles, i.e., those in the power-law limit and associated with Eq. (17b), the integral is difficult to solve analytically. We solved the integral (Eq. (S18) in the Supplementary Material) numerically over the range of fractal dimensions between 1 and 3 and then fit the results to a polynomial, i.e.,
The coefficients K i resulting from the fits for detection angles of 451 and 1351 are given in the Supplementary Material in Table S1 . Figure S2 in the Supplementary Material shows the resulting values of S(q) integrated over solid angle for both scattering angle ranges (near 451 and 1351), both scattering regimes (Rayleigh-Guinier and power-law, given by Eqs. (18a) and (18b)), and both fractal dimensions studied here. The transitions between the Guinier and power-law scattering regimes represented by Eqs. (18a) and (18b) occur at R g of $ 221 nm at 451 and $ 92 nm at 1351. Figure S2 demonstrates a significant discontinuity in the integrated values of S(q) for sizes in the range of R g near the transition between the two scattering regimes. To address this issue, we performed a linear interpolation over the range of R g between the two scattering regimes. The results are shown in Fig. S2 . We took the average of the scattering signal calculated for the two effective detector angles centered at 451 and 1351. The modeled scattering signal was then added to the LII signal detected on the scatter channel, according to Eq. (13), and convolved with the detector response function given in Eq. (S15) for comparison with the measured scattering temporal profiles.
Radius of gyration
The initial radius of gyration R g was calculated in one of two ways. Given a number of primary particles and primaryparticle size, the radius of gyration can be calculated according to
where D f is the fractal dimension, and k 0 is the fractal prefactor (Oh & Sorensen, 1997) . A statistical analysis of primaryparticle size from TEM images yielded values of 13.5 72.1 nm for the fresh-soot particles and 12.5 71.9 nm for the restructured particles. This difference is statistically insignificant, and there is no reason to expect that the primary-particle size should change while the particles are coated and denuded. The average of all of our particles was 13.0 72.1 nm. A fit of the measured primary-particle-size distribution to a lognormal distribution, yielded a geometric mean (i.e., median) of 12.1 nm with a geometric standard deviation of 1.18. We used the arithmetic mean primary-particle size (13 nm) in our calculations as the initial primary-particle diameter d p0 for both fresh and restructured particles. Although previous work has suggested that polydisperity of primary-particle size can have an influence on conductive-cooling rates during pulsed-LII (Bladh et al., 2008; Cenker, Bruneaux, Dreier, & Schulz, 2015; Johnsson et al., 2010; Liu et al., 2005; Liu, Stagg, Snelling, & Smallwood, 2006; Liu, Yang et al., 2006) , the width of our primary-particle size distribution is much narrower than those that have been investigated previously. We thus ignored primary-particle polydispersity for this study. Neglecting the influence of polydispersity on conductive cooling may lead to errors in the absolute magnitude of the effects of aggregate size and morphology, but is not likely to change the trends or conclusions. In our calculations, the fractal dimension D f was 1.88 for the fresh soot and 2.3-2.4 for the restructured particles (Bambha et al., 2013a) , and the number of primary particles per aggregate N p was inferred from the mass of the aggregate particle and the particle density at room temperature, given by Eq. (S14) with X ann ¼ 0, i.e., ρ s ¼1.63 g/cm 3 . Initial values for N p and R g are given in Table 1 for the peak of each of the aggregate-size modes for the fresh soot and restructured particles. We assumed a value for k 0 of 2.0 for fresh soot and restructured particles, which allowed for a reasonable value for F(m) of 0.29 to reproduce the scattering signal magnitude. Alternatively, R g can be derived from the mobility diameter according to (Oh & Sorensen, 1997; Rogak, Flagan, & Nguyen, 1993 )
where D m is the mobility diameter in nanometers, and k R is a proportionality constant. We used values for β R of 0.87 for the fresh soot and 0.90 for the restructured particles (Bambha et al., 2013a) . The results using this equation were consistent with the results using Eq. (19) for a value for k R of 1.40 for fresh soot particles and k R of 1.58 for restructured particles (see Table 1 ). The radius of gyration is likely to change as the particle temperature increases, and the primary particles swell or as the particle sublimes. Eq. (19) suggests that the radius of gyration is proportional to the primary-particle size and thus would be expected to increase as the particle heats and the primary-particle size increases. During sublimation, on the other hand, the primary particles shrink, and thus R g would be expected to decrease. In addition, the rapid release of particle mass into the gas phase will likely cause the aggregate to expand, which will increase the radius of gyration. This effect is similar to the popping of popcorn; popcorn pops when the kernel reaches the boiling point of water and the liquid water in the corn kernel vaporizes, generating a sharp pressure rise and an explosive expansion of the kernel material (e.g., Virot & Ponomarenko, 2015) . In the case of soot aggregates, sublimation is likely to lead to a decrease in the overlap between primary particles and thus to a decrease in k o and to a decrease in D f as the aggregate responds to the rapid increase in internal pressure. As demonstrated by Eq. (19), a decrease in either k 0 or D f will lead to an increase in R g . We have accounted for changes in R g attributable to primary-particle-size changes by multiplying R g by the normalized average primary-particle a The average number of primary particles was inferred using a particle density of 1.63 g/cm 3 , which is an appropriate value for polycrystalline graphite (Engle, Norns, & Bailey, 1970; López-Yglesias et al., 2014; Rasor & McClelland, 1960) . Primary particles were assumed to be 13 nm in diameter, based on analysis of TEM images. b These values were calculated based on the approach given in Eq. diameter. We have attempted to account for expansion of the aggregate during sublimation by multiplying R g by the normalized particle mass raised to an empirically determined power η, i.e.,
where M agg0 is the initial value of the aggregate mass, and R g0 and d p0 are the initial values of R g and d p , prior to heating. A positive value of η indicates that R g shrinks with sublimation more than predicted by the decrease in d p , and a negative value indicates that the particle expands.
Inference of optical properties
The single-scattering albedo and mass absorption coefficient were inferred from the measurements as described in Section S1.2.3 of the Supplementary Material.
Results and discussion
4.1. Effects of aggregate size and morphology on LII signal 4.1.1. LII signal magnitude and temporal profiles
The SP2 instrument measures LII signal from individual particles as they drift through a CW laser beam. Figure 4 shows LII temporal profiles from 50 particles for each of three particle sizes and both fresh and restructured soot morphologies. Because the instrument is triggered on the LII signal itself, the timing of each LII temporal profiles is not well constrained relative to the laser-particle interaction time. We constructed averages for each particle size and morphology by aligning the center of the leading edge of each temporal profile in time and averaging the signal relative to the adjusted time base. We generated averages of 50 temporal profiles for Modes 2 and 3, and averages of 1000 temporal profiles for Mode 1 to minimize uncertainties on the scatter-channel analysis. The particle sizes shown correspond to the three modes in the size distribution following size selection with the DMA. Figure 4 also shows the laser-particle interaction profile inferred from the measured scattering profile from a PSL sphere, as described in Section 3.1.4.
The timing of the LII temporal profiles relative to the laser-particle interaction profile was determined using the results of the LII model, as described in Section 4.1.2. Comparison of this timing with an average from the split-detector channel for the fresh and restructured particles in Mode 3 is shown in Fig. S5 (Section S3.1 of the Supplementary Material). Fig. 4 . LII temporal profiles. The LII signals from individual particles are plotted as a function of time for (a) fresh and (b) restructured soot. Data were sorted by particle size, as summarized in Table 1 . Symbols represent averages of 50 traces for Modes 2 and 3 and 1000 traces for Mode 1, as indicated in the legends. The error bars represent the 1σ standard deviation about the mean. A scattering temporal profile from a PSL sphere represents the laser-particle interaction profile (dotted lines) and is scaled to the top of the graph in each panel.
The magnitude of the peak of the LII temporal profile is used as a proxy for particle mass. Figure 5 shows histograms of the peak LII signal converted to mass using the calibration described in Section S2.1 of the Supplementary Material. The histograms were generated from 50,000 particles for each of the two morphologies studied. The mass distributions from LII signals are compared with mass distributions produced by the CPMA in Fig. 5 . A mobility-size distribution for the fresh soot from the SMPS is also shown for comparison. The SP2 results agree very well with the CPMA results for particle masses larger than 0.52 fg and for mobility diameters greater than $ 140 nm for the fresh soot. These results demonstrate a lower signal from the SP2 for the smaller particles, which is consistent with observations from previous studies (e.g., Laborde, Schnaiter et al., 2012; Schwarz et al., 2010) .
LII model results compared with measurements
We modeled the LII temporal profiles using the procedure outlined in Section 3.1.1. We solved the energy-and massbalance equations (Eqs. (2) and (3)) for particle temperature and mass as a function of time, using the PSL-sphere temporal profile to represent the laser-particle interaction time. We performed this calculation for individual primary particles with varying fractions of surface area available for conductive cooling. Results of these calculations are shown in Fig. 6 , coded by color for the available surface area of the primary particle. Particles with more available surface area have higher conductive-cooling rates and heat more slowly than particles that are heavily shielded. In addition, primary particles with significant exposed surface area might not reach the sublimation point of the particle before exiting the laser beam.
Primary-particle temperatures and sizes were used to calculate the associated primary-particle LII signal using Eq. (5). Calculated LII temporal profiles for individual primary particles are represented in Fig. 7 by the thin lines. These curves have not been convolved with the detector temporal response function. LII signals from primary particles with significant exposed surface area are delayed in time relative to signals from heavily shielded particles. The signal for the aggregate is calculated as a linear combination of LII temporal profiles from primary particles with varying exposed surface areas, i.e., Eq. (7), convolved with the detector temporal response function, Eq. (S16). We performed a linear least-squares fit to the measured LII temporal profiles using the primary-particle temporal profiles to derive the distribution of surface-area exposure within an aggregate, Fig. 5 . Mass and mobility-diameter size distributions. Fresh soot particles were size selected with a DMA set to 126 nm: (a) the SMPS mobility-diameter size distribution for the fresh soot is shown for the size-selected fresh soot particles. The units on the y-axis are normalized values of number of particles per unit volume in each mobility size bin (dW/dlog D m ). The mobility-diameter size distribution is scaled to the top of the graph. Mass distributions derived from the SP2 LII signal (solid lines) are compared with mass distributions from CPMA measurements (dashed lines) for (b) fresh and (c) restructured particles. The units on the y-axis are normalized values of number of particles per unit volume in each mass bin (dW/dlog M). The CPMA curves were scaled to the top of the graph, and the SP2-derived mass distributions were scaled to the CPMA curves at masses above 1 fg.
i.e., the values of C i (A e ) in Eq. (7). The primary-particle temporal profiles that contribute to the LII signal calculated for the aggregate are displayed in color in Fig. 7 with the same color code as the temperature and diameter calculations shown in Fig. 6 . Black lines represent primary-particle temporal profiles that do not contribute to the calculated aggregate signal, i.e., for which C i (A e )¼ 0 when solving Eq. (7) for the specific case displayed. Fig. 7 compares the fresh-soot calculation for Mode 1 in the top panel with the restructured-particle calculation for Mode 3 in the bottom panel. The calculation for the fresh-soot particle is dominated by contributions from primary particles with significant exposed surface area compared to the results for the restructured particle, which demonstrates substantial contributions from more shielded primary particles. Because the restructured particle has more shielded primary particles, it heats faster, and its signal arrives earlier in time, relative to the laser-particle interaction time, than that of the fresh-soot particle. Figure S6 (Section 3.2 of the Supplementary Material) shows false-color-scaled TEM images to highlight the differences in the spatial density profiles of the fresh and restructured particles and to aid in visualization of primary-particle surface-area exposure.
Model results for the three aggregate sizes and two morphologies are shown compared with averaged measured temporal profiles in Fig. 8 . The agreement is good largely because the surface-area exposure distributions were adjusted to fit the data. Despite the fact that we adjusted the surface-area exposure distributions, these model-measurement comparisons provide some level of model validation because we can reproduce the measurements without any additional model adjustments. The model results also provide information about trends in surface-area exposure with aggregate size and morphology. They furthermore allow us to refine the representation of surface area in the model to enable predictive LII simulations for future analyses.
The largest sources of potential systematic bias in the LII calculations stem from uncertainties in the conductive-heat transfer sub-model, including the thermal accommodation coefficient used, and in the inferred laser irradiance used as input into the model. These uncertainties will affect the absolute values of the surface-area exposure and LII signal timing but are unlikely to have a significant effect on the qualitative conclusions presented here. Fig. 8 . LII temporal profiles. Modeled LII temporal profiles (lines) are compared with average measured LII temporal profiles (symbols) for fresh and restructured soot. The average measured temporal profiles are the same as those shown in Fig. 4 . The laser-particle interaction profile (dotted line), used as input to the model, is also shown and is scaled to the top of the graph. Fig. 9 . Primary-particle surface-area exposure. The percent-probability distribution of primary particles with varying fraction of surface area exposed and available for conductive cooling is plotted for (a) fresh and (b) restructured particles in Mode 1 (triangles), Mode 2 (squares), and Mode 3 (circles). 4.1.3. Inferred surface-area exposure Figure 9 shows a summary of the distributions of primary-particle fractional surface-area exposure, derived from the least-squares fit of the model, i.e., Eq. (7), to the data with values of C i (A e ) as adjustable parameters. These distributions were used to generate the model results shown in Fig. 8 . Calculations of conductive-energy transfer in the transition regime between the free molecular regime and the continuum regime are complicated, and the sub-model used for these calculations is an approximation. As noted in Section 4.1.2, although the exact shape of the effective surface-area distributions and inferred values for A e will depend on the conductive-cooling sub-model and accommodation coefficient used, the trends should be largely independent of the specific representation of conductive cooling in the LII model. Nevertheless, our results are consistent with the values generated by the quasi-Monte Carlo calculations of Filippov et al. (2000) for an aggregate with a fractal dimension of 1.8, prefactor of 2.3, and 100 primary particles. They calculated heat transfer rates for individual primary particles in an aggregate compared with an isolated primary particle. This ratio is comparable to our effective-surface-area parameter. For particles in the free-molecular regime, their results yielded values of 0.83-0.95 for an accommodation coefficient of 0.1, and, for particles in the continuum regime, their calculations produced values of 0.01-0.21. Our conditions are in the transition regime, and our values would be expected to fall between these two ranges, as shown in Fig. 9a for the fresh-soot particles.
In general, restructured particles have less exposed surface area than fresh soot, as suggested by the results shown in Fig. 7. Figure 9 also demonstrates that surface-area exposure decreases with increasing aggregate size. The distributions of primary-particle surface-area exposure are characterized by a collection of particles with significant shielding and low surface-area exposure and another broad collection of primary particles with much less shielding. This type of distribution is consistent with a strong distinction between shielded primary particles near the center of the aggregate and less well shielded primary particles closer to the aggregate surface. The portion of the distribution attributable to the primary particles near the center of the aggregate appears to be very sensitive to both the aggregate morphology and the aggregate size. This part of the distribution shifts to lower values of A e with increasing aggregate size and fractal dimension, i.e., compactness, which is consistent with increased shielding of the central primary particles with increasing particle size and compactness.
All of the cases studied here appear to have surface-area exposure for the edge primary particles centered at A e ¼ $0.33. Primary particles with higher surface areas, however, do not reach the sublimation temperature because conductive cooling competes too effectively with absorptive heating. Because the LII signal for Rayleigh particles is proportional to $ T 5 , particles that do not reach the sublimation temperature have significantly reduced signal. Thus, primary particles with A e 40.34 are invisible or nearly invisible to the LII detector and are not easily inferred from the present analysis. Under some conditions, this effect could result in a low bias in inferred particle mass from the LII signal, which is discussed in more detail in Section S2.3 of the Supplementary Material.
Coelho, Bekki, and coworkers developed a theoretical framework for estimating the average available surface area for a fractal aggregate. Their results give the relationship
This expression yields a value of 0.33 for fresh soot and a value of 0.23 for the restructured particles. Although both of these values are a little higher than our inferred values, they are within the very large uncertainties of our values. Figure S7 in the Supplementary Material shows a graph of the average values of exposed surface area from the distributions shown in Fig. 9 for each aggregate size and shape. This figure demonstrates the increase in shielding (decrease in available surface area) with increasing aggregate size and fractal dimension (compactness). Brasil, Farias, and Carvalho (1999) developed a method for deriving A e from TEM images, which yielded the relationship
where C ov is a parameter that expresses the degree of overlap between individual primary particles in an aggregate. This overlap parameter is related to the fractal prefactor according to (Brasil, Farias, Carvalho, & Köylü, 2001 )
such that we can express the available surface area as
This equation yields a value of 0.75 for both morphologies and all particle sizes, which is significantly larger than the results provided by our study and by the prediction based on the work of Coelho, Bekki, and coworkers Coelho et al., 2000) . Although the magnitude of the decrease in exposed surface area with increasing N p is not predicted by either relationship given by Eqs. (25) and (28), increases in primary-particle shielding with increasing N p (Bladh et al., 2008 (Bladh et al., , 2011 Daun, 2010; Filippov et al., 2000; Johnsson et al., 2013; Kuhlmann et al., 2006; Liu et al., 2005; Liu, Yang et al., 2006; Snelling et al., 2004 ) and D f (Filippov et al., 2000) have been predicted for smaller aggregates. Experimental verification of the predicted trends has been difficult (Bambha et al., 2013b; Bladh et al., 2011; Kuhlmann et al., 2006) . Because the SP2 instrument provides data on single particles and allows controlled probing of individual particles as a function of aggregate size, it enables new studies of aggregation and size effects on the physical and optical properties of particles.
LII temporal profiles
The extent of particle shielding has a significant influence on the timing of the onset of the LII signal. The average measured LII temporal profiles are normalized in Fig. 10 to highlight the change in the timing of the leading edge with particle size and morphology. The temporal profile of the particles in Mode 1 is delayed from that of the particles in Mode 3 by $0.8 ms for the fresh soot and by $ 1.0 ms for the restructured particles, and the fresh soot temporal profiles are delayed from the restructured soot profiles by $0.7 ms. These delay times are 10-15% of the laser-particle interaction time, which is 6.85 ms FWHM, for the relatively small range of particle sizes studied here.
The shape of the falling edge of the LII temporal profile is determined by (1) the onset of sublimation, which decreases the particle size and temperature, leading to a drop in signal, and (2) the balance between conductive-cooling and Fig. 10 . Scaled LII temporal profiles. LII temporal profiles are shown for (a) fresh and (b) restructured particles. Profiles are scaled to the top of the graph in each panel. The laser-particle interaction profile is shown for comparison. Fig. 11 . Absorptive-heating and conductive-and evaporative-cooling rates. The lines represent temporal profiles of _ Q abs , _ Q cond , and _ Q sub averaged over all primary particles in the aggregate. Calculations are shown for (a) fresh particles in Mode 1 and (b) restructured particles in Mode 3. The laser-particle interaction profile is shown for comparison. absorptive-heating rates as the particle crosses the second half of the beam. The more shielded (i.e., larger and more compact) particles reach the sublimation point and start to sublime earlier than the less shielded particles. As shown by the normalized curves in Fig. 10 , for these particles, the signal decay starts earlier, and the LII signal reaches a maximum earlier. In contrast to the time differences inferred for the leading edges of the temporal profiles of the different aggregate sizes and morphologies, the falling edges of the normalized curves all occur at about the same time. Figure 11 shows a comparison of the absorptive-heating rates and conductive-and evaporative-cooling rates for the fresh soot particles in Mode 1 and the restructured particles in Mode 3. The tail of the LII temporal profile occurs when the conductive-cooling rate overcomes the absorptive heating rate as the particle nears the far edge of the laser beam.
None of the particles appear to have fully sublimed in the laser beam for the conditions studied here. Figure 12 shows the calculated evolution of the mass of the aggregate as it transits the beam and undergoes sublimation. Results are shown for fresh particles in Mode 1 and restructured particles in Mode 3. Because more of the primary particles reach the sublimation point for the larger, more compact particles, the average sublimation rate is higher for these particles, and they lose more mass before exiting the laser beam. Figure 13 shows the temporal profiles recorded on the scatter channel simultaneously with the LII temporal profiles shown in Fig. 4 . The timing for each trace shown in Fig. 13 is the same as for the corresponding trace shown in Fig. 4 . The averages for each particle size and morphology, shown in Fig. 13 , are also shown in Fig. 14. The model calculations compared with the averaged measurements in Fig. 14 were produced as described in Section 3.2 using the values for η given in Table 2 .
The model results demonstrate excellent agreement with the shape of the measured temporal profiles.
Aggregation effects on scattering signal
The magnitude of the signal depends on values used for F(m) and R g . Increasing F(m) and decreasing R g leads to an increase in the scattering signal. Values of F(m) for 1064 nm measured previously span the range between $ 0.29 and $0.35 (see Table S2 in the Supplementary Material) , and, although values for k 0 can range from 1.0 to 9.0 (see Table S3 in the Supplementary Material), they are normally in the range of 1.2-3.0 for fractal aggregates with a fractal dimension of $ 1.8 and smaller for fractal dimensions greater than 2 (Brasil et al., 2001; Oh & Sorensen, 1997; Sorensen & Roberts, 1997) . Because the effects of F(m) and R g on the scattering signal are, to some extent, anti-correlated, and, because these parameters are not well constrained, it is possible to choose different pairs of F(m) and k 0 that reproduce the measurements. The range of values for these parameters that reproduce the measurements, however, is significantly smaller than the range of values reported in the literature. In other words, our measurements constrain these values to values within $ 7% of 0.29 for F(m) and $ 35% of 2.0 for k 0 .
The magnitude of the signal is well reproduced for the fresh particles in Modes 1 and 2 with a value for F(m) of 0.29 and a value for k 0 of 2.0, which fall within the range measured previously. Using these values for F(m) (0.29) and k 0 (2.0) for the particles in Mode 3, however, gave predicted scattering signals that were too low by $20% for the fresh soot particles and $ 8% for the restructured particles, suggesting that the scattering signal is enhanced beyond the RDG prediction (given in Eq. (14)-(18a,b)) with larger Fig. 13 . The laser-particle interaction profile (dotted line), used as input in the model, is also shown and is scaled to the top of the graph. aggregate sizes. This result is inconsistent with predictions that increases in aggregate size should lead to a reduction in scattering cross section from that predicted by RDG theory (Mulholland et al., 1994; Sorensen, 2001; Yon et al., 2014) . Restructuring, however, only seemed to have a noticeable effect for the particles in Mode 3 beyond the enhancements predicted by RDG theory with these values for F(m) (0.29) and k 0 (2.0); the size-dependent scattering enhancement was smaller for the restructured particles than for the fresh soot. The enhancements are summarized in Table 2 . The size-dependent enhancement for Mode 3 of fresh soot was reduced to 10% if we used values of 0.27 for F(m) and 2.4 for k 0 ; this value of F(m) is a little lower than the range of values measured previously for 1064 nm (i.e., 0.29-0.35), as summarized in Table S2 , but the corresponding value for k 0 is within the normal range of values (i.e., 1.2-3.0) reported previously (see Table S3 ). Increasing F(m) to a value of 0.31 and decreasing k 0 to 1.3 gave reasonable agreement with Mode 2 of the restructured particles, but required that the scatter signal from the fresh soot particles be enhanced by 10% for Mode 1, 20% for Mode 2, and 50% for Mode 3, suggesting significant differences between the two morphologies and a reduction in scattering with restructuring. These values also indicate a strong enhancement of the scattering for fresh soot with increasing aggregate size. Because of the coupling between F(m) and R g in the calculation of the scattering signal and the loose constraint on both of these parameters from other measurements, the assessment of the effect of aggregate morphology on scattering intensity is ambiguous. In a future study, we will perform a more thorough statistical analysis of TEM images to derive R g distributions, which will allow us to infer F(m) and the associated aggregation effects of the scattering signal from our data. Such a study will also allow us to determine whether our soot source generates aggregates for which the morphology, primary-particle size, or primary-particle bridging depends on aggregate size.
The scattering cross section appears to increase with aggregate size (beyond the RDG prediction) over the entire range of possible values for F(m) and R g , but the magnitude of this effect is uncertain. An additional limitation on the extent of our conclusions on size effects is the small number of particle sizes investigated. In addition, the signal on the scatter channel is small for the particles in Mode 1, and the error bars associated with this mode are large, as shown in Fig. 15a for fresh soot and in Fig. 16a for restructured particles. Although the model results are in excellent agreement with the averages for this mode, definitive conclusions about size-dependent effects on scattering cannot rely on the results from this mode. Another potential source of uncertainty for this analysis is related the structure-factor calculation. The structure-factor equation has a very strong dependence on the radius of gyration, and the interpolation between scattering regimes could be improved. For this study, all of the particles are in the Rayleigh-Guinier regime at 451, and all of the restructured particles and Mode 1 of the fresh soot are in this regime at 1351, prior to sublimation. Modes 2 and 3 of the fresh soot are well with in the power-law regime and are not influenced by the interpolation. During sublimation, when the particles expand (as described in Section 4.2.4), the expansion happens so rapidly that the particles spend very little time in the interpolation region between the two regimes, and the effects of this interpolation are minimal.
LII interference on the scatter channel
Previous work has demonstrated a second peak in the scattering signal coincident with the peak in the LII signal (Gao et al., 2007; Laborde, Mertes et al., 2012; Moteki & Kondo, 2007; Moteki, Kondo, & Adachi, 2014; Sedlacek, Lewis, Kleinman, Xu, & Zhang, 2012; Subramanian et al., 2010) . This second peak is generally interpreted as scattering from the core of the particle after any volatile coatings have been desorbed and before the core particle itself is vaporized. Our work suggests that LII signal contributes significantly to this second peak. Figure 15 shows the contribution of LII compared to the contribution of laser scatter to the signal on the scatter channel as a function of time for fresh soot, and Fig. 16 shows this partitioning for restructured soot. The rising edge of the signal on the scatter channel is almost exclusively from laser scatter whereas the falling edge of the signal is largely LII. Because the scatter signal is proportional to the square of the mass, and the LII signal is proportional to the mass, the ratio of the scatter signal to the LII signal is proportional to the aggregate mass. The relative contribution of the LII signal thus increases with decreasing particle size. Table 2 gives the percent contribution of LII to the total signal integrated over time. For the particles in Mode 3, the contribution is $27% whereas, for the particles in Mode 1, the contribution is $ 45%. Although the error bars on the measured signal for Mode 1 are large, the percent contribution of LII to the scatter-channel signal can still be predicted for these particles. This contribution from LII should be taken into account when the signal from the scatter channel is used to study optical properties of such particles. After accounting for these interferences, we derived an aggregate-size-and morphology-dependent single-scattering albedo at 1064 nm in the range of 0.006-0.030 (see Table 2 ) and a mass absorption coefficient of 3.5 m 2 /g at 1064 nm prior to laser heating. 
Aggregate "popping" during sublimation
The model profiles shown in Figs. 14-16 include an empirical vaporization exponent η to account for the changes in R g as the particle sublimes (see Section 3.2.3 and Eq. (21)). Values for η are given in Table 2 . All of the inferred values for η are negative, suggesting that the aggregate expands during sublimation. An increase in R g leads to a decrease in the calculated scattering. Figure 17 demonstrates the results of the model neglecting these changes in R g . The scattered signal is significantly over-predicted by the model in the latter part of the temporal profile, i.e., during sublimation, when this increase in R g is neglected. As noted in Section 3.2.3, such an increase in R g could be attributable to a decrease in the overlap between primary particles, leading to a lower value of k 0 . Alternatively, the rapid pressure rise inside the particle during sublimation could generate an explosive expansion of the particle and a reduction in D f , as the aggregate "pops". This effect would be consistent with a larger change in D f and larger negative value of η for the restructured particle, as inferred from the model-measurement comparison. This comparison suggests that R g of the fresh soot particles increases by a factor of $ 2 and that R g of the restructured particles increases by a factor of $ 20. Table 2 lists the increase in R g inferred from the data as multiplicative factors. The absolute magnitude of the expansion inferred from the data, however, depends on the calculated behavior of the differential scattering cross section as a function of R g , which depends critically on the shape function S(q). As discussed in Section 3.2.2 and shown in Fig. S2 , there are some uncertainties associated with the dependence of this parameter on R g , but the effects of these uncertainties are probably swamped by the uncertainties associated with the limitations on our understanding of how the particle morphology changes during sublimation.
The aggregate-popping effect is similar to an effect observed for laser-heated soot coated with oleic acid (Bambha et al., 2013a) . Heavily coated soot particles become less compact when the coatings are rapidly vaporized with a laser. One explanation for this observation is that rapid vaporization of the coating forcefully opens the particle; some limbs of the aggregated particle also appear to be lost in the process. This effect is not seen when the coating is removed slowly in a thermodenuder. Bambha et al. (2013a) observed that uncoated soot did not change fractal dimension when laser heated, but the laser fluences used in that study were well below those needed to bring the particles to the sublimation point. These results further suggest that use of elastic scattering for studies of soot sublimation induced by laser heating (e.g., Witze, Hochgreb, Kayes, Michelsen, & Shaddix, 2001; Yoder, Diwaker, & Hahn, 2005) , should be approached with caution. Understanding these effects will require significantly more work.
Summary and conclusions
We have demonstrated the effects of aggregate size and morphology on the temporal response of LII and laser scatter measured with an SP2. We analyzed the measurements using a model that solves the energy-and mass-balance equations during laser-particle interactions and uses the calculated time evolution of particle temperature and mass to predict the LII and scatter signals. The main results of our study are:
(1) increasing the exposed surface area of a particle relative to its mass (i.e., decreasing aggregate size and fractal dimension) delays the onset of the LII signal with respect to the laser-particle interaction time;
(2) the surface-area effect can be explained by enhanced conductive-cooling rates with increased exposed surface area and more effective competition between conductive cooling and absorptive heating; Fig. 17 . Scatter-channel temporal profiles. The average temporal profiles measured on the scatter channel (symbols) are the same as those shown in Fig. 13 . The modeled temporal profiles shown (lines) were calculated neglecting swelling of the radius of gyration as the particle sublimes. The dotted line represents the laser-particle interaction profile and is scaled to the top of the graph.
(3) the surface-area effect may explain an apparent low bias in the SP2 measurements for small particle sizes, particularly for particles with lower fractal dimension; (4) there is significant interference from LII signal on the scatter channel; almost 50% of the signal from the scatter channel is attributable to LII for the small particles; (5) the scattering signal suggests that the aggregates rapidly expand or "pop" during sublimation; (6) the scattering signal appears to be enhanced beyond the Rayleigh-Debye-Gans prediction for large aggregates of fresh and restructured particles; (7) the scattering signal is not obviously enhanced by restructuring beyond the enhancement predicted by Rayleigh-Debye-Gans theory; (8) the inferred single-scattering albedo for 1064 nm ranges from 0.006 to 0.023 for the fresh soot and from 0.008 to 0.031 for the restructured particles.
